To better understand the mechanics of environmentally assisted cracking, and particularly hydrogen embrittlement, a correct description of the hydrostatic stress field is indispensable. The concentration of hydrogen in the proximity of the crack tip is indeed dependent of the hydrostatic stress effect on the microstructural lattice of the material. The overall parameters of the hydrostatic stress, including peak value, its location, gradient, and distribution size are fundamental to assess the effect on hydrogen distribution near the crack tip, specifically considering hydrogen-enhanced decohesion mechanism, or the HEDE mechanism. Hydrostatic stress is hence widely analysed in studies related to hydrogen embrittlement contribution in stress corrosion cracking or corrosion fatigue of metallic alloys. However, recent studies highlighted that the hydrogen-enhanced local plasticity (HELP) mechanism can be more relevant than HEDE in hydrogen-assisted fatigue failure of metallic alloys. In order to investigate the contribution of the HELP mechanism, detailed finite element modelling is reported for notched Ti-6Al-4V specimens, based on experimental fatigue data. The material is modelled with elasticperfectly plastic behaviour, reproducing actual geometry of the notches and the fatigue crack, from measurements and replicas conducted during testing. Strain data are obtained in initial and final crack configuration, to discuss the HELP contribution on environmentally assisted cracking, and compare it with HEDE contribution linked to hydrostatic stress.
Introduction
The influence of the stress-strain state on hydrogen accumulation in the metallic microstructure is well known in the literature (Dmytrakh et al., 2014; Suzuki et al., 2011; Wang et al., 2014) . The presence of hydrogen embrittlement (HE) is a critical parameter that influences the stress corrosion cracking (SCC) and corrosion fatigue (CF) of most high-strength alloys. HE is linked to the diffusion of hydrogen in the metallic matrix, encouraged by the presence of high values of hydrostatic stress. In Suzuki et al. (2011) , the effects of tensile deformation on commercially pure titanium specimens is discussed, in order to assess the properties of titanium as a hydrogen-containing medium. The authors find a positive increase of hydrogen absorption by applying tensile deformation prior to hydrogen charging. Hydride formation is promoted by hydrogen trapped in the metallic alloy dislocations caused by strain. An asymptotic maximum of hydrogen concentration is reached for ε = 10%. Moreover, Suzuki et al. (2011) believe that compression caused by bending can lead to hydrogen release in charged specimens.
A study of the real cross-section area during tensile tests of hydrogen-enriched, low-alloyed pipeline steel showed a change in the strain behaviour above a given concentration of hydrogen C H * (Dmytrakh et al., 2014) . The identified area corresponds to a minimum of resistant surface prior to failure. Increasing the hydrogen concentration beyond the C H * value leads to an increment of the resistant surface, highlighting a fragile behaviour of the specimen, as recorded by Dmytrakh et al. (2014) by means of scanning electron microscope (SEM) observations. In the paper of Wang et al. (2014) , the effects of plastic tensile deformation on 304L austenitic stainless steel are investigated. The presence of an α′ martensite phase due to plastic strain >10% leads to the individuation of HE in the charged specimens subjected to tensile testing. Concerning the fatigue behaviour of austenitic steels, the main mechanism of HE found by Murakami et al. (2008) is the hydrogen-enhanced localised plasticity, or HELP mechanism, in contrast with the other proposed mechanism adopted in literature to explain the HE, i.e. the hydrogenenhanced decohesion, or HEDE, mechanism. The HEDE mechanism is identified in a weakening of the lattice strength by hydrogen, by lowering atomic forces at the crack tip or sides, with hydrogen solubility increased due to an elevated hydrostatic stress field. The HELP mechanism consists in a reduction of the dislocation nucleation energy ahead of the crack tip, easing the dislocation movements in the lattice (Baragetti et al., 2009; Murakami et al., 2008) . Murakami et al. (2008) concluded that the HELP mechanism effect is more important than the HEDE mechanism, concerning the hydrogen-related environmental effects during fatigue loading. The generation of hydrogen-induced slip deformation due to hydrogen diffusion towards, and subsequent concentration at, the crack tips is the main HE effect during fatigue. The presence of this effect significantly accelerates the crack growth rate, modifying also the crack fracture morphology with typical, irregular striation contrasting with the regular, evenly spaced triangular shapes found on uncharged specimens' fracture surface. The environmental effect is closely linked to the fatigue loading frequency, due to the low diffusion rate of hydrogen in the metallic lattice of austenitic steels.
Considering the global effect of the HELP mechanism in the plasticity of the steel substrate, the literature results showed that hydrogen could enlarge the plastic zone and increase the plastic strain in the plastic zone for low-alloyed pipe steels (Zhang et al., 2003) . Zhang et al. (2003) identified also an additive tensile stress, induced by the presence of hydrogen, which facilitates the plastic deformation. Considering SCC of titanium alloys, an interesting work on SCC on Ti-8Al-1Mo-1V immersed in 3.5% mol. NaCl solution was conducted by Pilchak et al. (2010) . In this study, a few traces of brittle fracture caused by hydrides, sign of the HEDE mechanism, were accompanied by a remarkable presence of tear ridges, indicating a predominant HELP contribution in the SCC phenomenon. Tear ridges indicate localised plastic flow, promoted by the local presence of hydrogen near the crack tip. Pilchak et al. (2010) report that, while hydride formation responsible for the HEDE mechanism occurs at low crack growth rates, promoted by a high local stress state, the highly localised slip typical of the HELP mechanism occurs in the vicinity of the crack tip, where high strain is reached. The work presented by Pilchak et al. (2010) highlights that the HELP mechanism is relevant not only in CF but also in SCC phenomena.
In order to elaborate a quantitative description of the SCC and CF behaviour in the presence of hydrogen, numerical models have been developed in the literature (Takakuwa et al., 2012; Yokobori et al., 2002 ). An interesting numerical simulation, involving finite element (FE) analysis of notched specimens, investigated the effects of residual stresses due to surface treatments, i.e. shot peening, on the hydrogen absorption (Takakuwa et al., 2012) . In this paper, hydrogen diffusion is directly linked with the Laplacian of the hydrostatic stress field in the material. The results demonstrate that the presence of compressive residual stresses is beneficial, as it mitigates hydrogen diffusion into the metal matrix. On the other hand, tensile residual stresses produce a marked increase of hydrogen absorption in the material. Moreover, numerical results show that the maximum concentration of hydrogen moves towards the crack tip in the presence of compressive stresses. Vice versa, when tensile residual stress is present, the peak of hydrogen diffusion moves inwards into the material. Yokobori et al. (2002) conducted a theoretical analysis of the hydrogen concentration on notched specimens, by combining hydrogen diffusion equation with the elastic and plastic stress state near the crack tip. The authors concluded that hydrogen concentration is maximum at the elastic-plastic boundary ahead of the crack tip (θ = 0° direction), in the region where the plastic stress σ p is maximum. With increasing value of the stress intensity factor K, however, the maximum hydrogen concentration was not found anymore at the elastic-plastic boundary, as the stress gradient has a decreasing effect in this case. A major contribution of the hydrogen emission region around the crack tip is expected for high K by the authors. Indeed, along with the diminishing of hydrogen concentration at the elastic-plastic region, high K values lead to increased crack tip opening displacement, thus towards an increase of the area exposed to anodic dissolution. This aspect explains the plateau of stress corrosion crack growth rate (SCCGR) found in SCCGR vs. K curves. Yokobori et al. (2002) concluded by finding a sensitivity to HE based on the value of the coefficient of diffusion D, the yielding strength of the material σ ys , and the applied K. Specimens with higher yielding strength are more sensitive to HE, while thin specimens are less prone to HE behaviour. The increased susceptibility of thick specimens to HE is found also in an experimental work concerning SCC and CF crack growth rate curves, performed by Endo et al. (1981) on high strength aluminium in 3.5 wt.% NaCl solution. In this latter case, crack growth rate is increased for thicker specimens, in both the SCC and CF cases, and evidences of anodic dissolution due to surface oxide cracking by the applied stress are found. HE, caused by the hydrogen generated by the anodic dissolution process, creates a transgranular cracking region aside of the anodic dissolution intergranular cracking region.
Another fundamental work concerning the FE analysis of hydrogen concentration and embrittlement of notched AISI 4135 specimens is presented by Wang et al. (2005) . In this study, a correlation between the hydrostatic stress and the hydrogen concentration has been demonstrated numerically. Considering the effects of deformation, the plastic equivalent strain is reported, without excessive discussion. An interesting conclusion, stemming from experimental practice conducted along with the numerical investigation, is the fact that the intergranular fracture region, sign of HE, moves away from the notch root with the decrease of the stress concentration K t . A thick shear lip between the HE region and the notch root is visible from SEM micrographs at lower K t . The notch effect is responsible also for the effects on hydrogen concentration due to the local stress gradient. High stress concentration near the notch means a higher hydrogen accumulation, which leads to a reduced local fracture stress, resulting in a lower notch tensile strength of the specimen. However, results from CF studies on Ti-6Al-4V (Baragetti, 2014; Baragetti & Villa, 2015) showed that, even if a higher notch effect promotes anticipated crack nucleation, the mechanical contribution of sharp notches reduces the mean stress away from the notch tip. The overall effect of this configuration is a uniform level of failure stress at high K t values, uniform regardless of the test environment, air on 3.5 wt.% NaCl.
Summarising the literature contributions, the key aspects for the comprehension of the HE mechanism reside in the determination of the influence of the stress and deformation state on the hydrogen mechanism. Indeed, in the presented literature, several numerical models were developed for the HEDE mechanism, where the hydrostatic stress is the key parameter (Takakuwa et al., 2012; Wang et al., 2005; Yokobori et al., 2002) . Considering the HELP mechanism, however, the main effect seems to be related with the local material strain, as experimentally demonstrated by Pilchak et al. (2010) and Wang et al. (2014) . As discussed by Baragetti (2014) , Baragetti and Villa (2015) , and Wang et al. (2005) , the effect of the stress gradient also plays a predominant role. Although the notch effect on plastic equivalent strain has been considered by Wang et al. (2005) , the numerical simulations found in the literature are still focused on the hydrostatic stress as the main parameter for the HE mechanism.
In the present paper, numerical simulations of elastoplastic behaviour of notched Ti-6Al-4V specimens, based on actual crack propagation data obtained from fatigue experiments, are performed. The aim of the work is to provide a description of the actual strain and stress state around notched specimens, in order to provide a useful tool for research on the HELP mechanism. In order to do so, the model focused on the longitudinal plastic strain determination, due to its predominant effect on the investigated mechanism (Pilchak et al., 2010; Wang et al., 2014) . The model has been used to identify a maximum axial strain coordinate at different K t values, similarly with the maximum hydrostatic stress criterion for the HEDE mechanism.
Materials and methods
Experimental data were collected from R = 0.1 fatigue testing of notched Ti-6Al-4V specimens in ambient air, from the work presented by Baragetti (2014) . Fatigue crack nucleation, crack propagation data, and failure stresses were reported for step-loading testing related to fatigue lives of N = 200,000 cycles. Different notches were analysed, as reported in Figure 1 and Table 1 , while material data and characteristics are reported in Table 2 . For each radius, the corresponding stress concentration factor K t was calculated, by means of two-dimensional FE simulation, with quadrilateral plane stress elements, of minimum size 0.5 mm away from the crack tip.
The experimental data from fatigue testing included the detection of crack growth, by means of the acetate replica method. The features at the gage section were controlled during the tests by means of the replica method. Replicas were taken for both the sample faces every 5000, 10,000, or 20,000 load cycles. The replica material was acetate in sheets with a thickness of the order of a few tenths of millimetre. The collected data were used to produce FE models that accurately reproduced the crack shape at the crack initiation detection and at the last crack measurement prior to failure. Numerical models of the samples tested in air were processed to determine the stress and strain state at the crack tip (for each K t ), by simulating the presence of the initial and the final fatigue cracks. The coupling kinematic option was used to apply the axial load and the boundary conditions in two reference points tied with rigid constraints to the upper and the lower sample sides, as presented in Figure 2 . The axial (Y-direction) and the transversal (X-direction) displacements of the upper reference point were constrained, whereas the lower ones were left unconstrained along the load application axis.
The strains were numerically determined by applying axial loads equal to the maximum ones of the steps at which the modelled cracks were observed. Table 2 summarises all the crack dimensions and the associated maximum applied loads. In Figure 3 , an example of the geometry of a crack in its initial and final configuration is reported, for the K t = 2.55 sample.
An elastic/perfectly plastic material behaviour and the von Mises' yield criterion were assumed. Four-node bilinear plain strain quadrilateral elements (CPE4) were used to build the meshes as in Figure 4 .
From the FE simulation of each proposed K t , both in the initial and final configuration stages, the equivalent plastic strain ε ep and the hydrostatic stress S hydr were extracted, along with the axial plastic ε axial,pl and elastic ε axial,el components of the vertical strain along the Y-direction, i.e. the load application direction. The overall axial strain was also reported, as the sum of the two contributions: In order to characterise the plastic strain behaviour in the proximity of the crack tip, to investigate the HELP mechanism, the reference point for the calculation of the stress-strain state has been chosen as the maximum axial plastic strain ε axial,pl . From this reference distance, which is considered as the barrier where highly localised slip of the HELP mechanism is reached, all the numerical data are extracted. The plastic barrier is, according to Baragetti et al. (2009) and Murakami et al. (2008) , the point of maximum intensity of the HELP mechanism, and its changes in position may affect the whole HELP behaviour.
For each K t , a detailed mesh convergence study was conducted, to assess the effects of mesh refinement on the determination of the investigated stress and strain variables. Seven different mesh qualities were analysed, as reported in Figure 5 . The choice of the mesh quality to be adopted in the study has fallen on the best reconstruction of the equivalent plastic strain ε ep in the proximity of the crack tip. Low mesh qualities resulted in insufficient plastic strain near the crack tip, while too high refinements produced numerical oscillations. Among the tested mesh sizes, mesh no. 6 was chosen as the best representation of the actual strain state in the proximity of the crack tip. Figure 6 reports the effects of mesh size on the equivalent plastic strain ε ep and the axial plastic strain ε axial,pl on a K t = 3.10 specimen.
Results and discussion
In Figure 7 , a typical stress-state map is obtained from a K t = 3.10 specimen simulation. The stress-strain map is reconstructed in the proximity of the crack tip, including von Mises stress, axial and plastic strains ε axial,el and ε axial,pl , and the equivalent plastic strain ε ep . From the stress-strain distribution, the reference distance is imposed by choosing the location with the maximum axial plastic strain ε axial,pl , as reported in Figure 8 . All the numerical results are then extracted at the reference location, to characterise the strain-stress state at the plastic barrier. The values found in the actual experimentation are reported in Tables 3 and 4 .
From Figure 8 , it can be seen that the reference point chosen in the present model identifies a plastic barrier, which is coincident to the point of maximum influence of the HELP mechanism (Baragetti et al., 2009; Murakami et al., 2008) . In order to quantify the effects of the axial and total strains ε axial,pl and ε axial , their entity at the plastic barrier is reported in Figures 9 and 10 , related to the initial crack and final crack, respectively. The plastic deformation is plotted against the specimen K t value, to assess the effect of the stress gradient on the final strain distribution.
From Figure 9 , it can be seen that the axial strain at the beginning of the crack propagation is mainly composed by plastic strain. The strain value reaches a maximum value of roughly 90% for K t = 5.17, then decreases linearly.
Considering the crack at its final stage before failure, as reported in Figure 10 , it can be seen that the axial strain, still mostly composed by the plastic part, increases linearly with K t . The reason for this varied behaviour regarding the initial crack can be explained by looking at the position of the plastic barrier, i.e. the maximum axial plastic strain location, reported in Figure 11 .
From Figure 11 , it can be deduced that the plastic barrier for the initial crack moves towards the crack edge with increasing K t , reaching the proximity of the crack tip for K t = 5.17, which corresponds to the maximum in axial strain. The behaviour is consistent with the increased stress gradient that is found at high K t values, as seen, for example, in Baragetti and Villa (2015) . The reduction of the overall strain for higher K t values, which occurs above 5.17 as seen in Figure 9 , can be related to a substantial anticipation of the crack at lower applied stresses for very high K t 's, which may prevent a significant accumulation of plastic strain before cracking. Indeed, by looking at Figure 12 , in which the plastic strain ε axial,pl distribution is compared between K t = 5.17 and K t = 14.34, it can be seen that in the latter case the stress gradient is very close to the crack tip, preventing the axial strain to reach values as high as for lower K t 's.
By looking at Figure 10 , related to the strain accumulated at the final crack plastic barrier, the overall pattern is rather different from the initial crack of Figure 9 . In this latter case indeed, the axial strain is growing linearly with the K t value. The reason for this behaviour can be found in Figure 11 , by looking at the distance of the maximum strain from the crack tip. It can be seen that lower axial strain values for the final crack are coincident with a plastic barrier, i.e. a maximum of the axial strain, which is significantly inside the material, away from the crack tip. As the K t increases, the maximum strain moves toward the crack tip, indicating that the strain concentrates at the crack tip. By looking at the actual strain distribution, reported in Figure 13 , it can be seen that the whole deformation energy for K t = 5.17 is distributed over a wider area, while in the case of K t = 14.34 the plastic front is still pushed against the crack tip. The results found here are in agreement with the experimental findings found in Wang et al. (2005) , where it is seen that the intergranular fracture region, sign of HE embrittlement, moves away from the notch tip with decreasing K t . The reason is attributable to the change in the stress-strain gradient, which may affect also the maximum plastic strain region away from the crack tip, as reported in Figure 11 .
In conclusion, by looking at Figures 12 and 13 , it can be deduced that, while for relatively low K t 's the deformation energy propagates away from the crack tip, with the plastic barrier moving inward and with the overall plastic strain value remaining almost constant, for high K t values the strain peak concentrates sharply at the crack tip. In this latter case, the deformation energy is forced to concentrate at the tip, raising significantly the ε axial,pl value.
In addition to the analysis of the strain mechanism, which is the main contributor for the HELP mechanism regarding light alloys, an analysis of the hydrostatic stress has been also carried out. As said before, the hydrostatic stress is the main responsible factor for HEDE susceptibility. In Figure 14 , the hydrostatic stress at the plastic barrier is reported for initial and final cracks.
From Figure 14 , it can be seen that for initial cracks, the hydrostatic stress is significantly higher for the maximum values of K t 's, reaching a minimum for K t = 5.17. For final cracks, however, all the specimens show the same amount of hydrostatic stress.
From the reported results, it can be concluded that the HELP mechanism may influence the fatigue behaviour of metallic materials in a very complex way, when notch effects are present. Indeed, the plastic barrier position within the material, and the final amount of the axial plastic strain are strongly dependent on the K t value and on the propagation phase, i.e. if the crack has been just nucleated or if it is growing towards final fracture. From the reported results, it has been found that the plastic barrier front moves inwards for smoother specimens, while it tends to remain on the front for highly notched specimens, as reported in Figure 11 .
Moreover, when reaching the final crack configuration, the plastic front on the highly notched specimens not only remains in the proximity of the crack tip, but it also rises in its amplitude due to the applied deformation energy, as can be seen in Figures 9, 10, 12 and 13. As the HELP effect eases the movement of dislocations in the presence of the aggressive environment, its influence may be significantly increased in the case of sharp notches, where the axial strain tends to accumulate at the crack tip and to increase in its value when the crack propagates.
Another significant result is presented in Figure 14 : for initial cracks, highly notched specimens present higher amounts of hydrostatic stress. This condition may help the HEDE phenomenon, which is encouraged by high values of hydrostatic stresses deforming the microstructural lattice, especially in the first stages of crack propagation. When the crack reaches its final state, no differences in the hydrostatic stress at the crack tip are found, regardless of the initial notch. This aspect may be linked with the internal stress gradient, particularly high near the tip of sharp peaks, which, however, reduces macroscopically as the crack moves away from the notch tip (Baragetti & Villa, 2015 its importance as the crack travels inward, while the HEDE influence will be reduced at the smooth specimens' level. This behaviour could be particularly critical at the beginning of crack propagation in fatigue, where according to Takakuwa et al. (2012) localised slip of the HELP mechanism near the crack tip, where high strain is present. Both these two conditions are indeed met during the first stages of crack propagation.
Conclusions
In the present work, a deep literature review has been carried out on the subject of HE, distinguishing between the HEDE mechanism, linked to elastic hydrostatic stress, and the HELP mechanism, which eases the dislocation of the microstructure where high strains are present. A detailed FE model has been developed to investigate deeply the strain-stress state of fractured Ti-6Al-4V notched fatigue specimens, in order to identify its influence on the HE mechanism. The FE model included a detailed investigation on the meshing technique, particularly to obtain a suitable strain distribution in the proximity of the crack tip. To ensure valuable results, a convergence technique has been used, by increasing the mesh refinement as long as the singularity did not produce numerical instability. A criteria to identify a plastic barrier has been defined, by choosing as a reference distance the location of the maximum plastic strain ε axial,pl .
Based on this model, numerical results are obtained in order to investigate on the possible contribution of strain in the proximity of the crack tip in the HELP mechanism. Indeed, high values of localised strain depending on the notch may induce HELP sensitivity for certain geometrical shapes. The following results were obtained: -For highly notched specimens, the plastic barrier remains at the crack tip of the specimen, and the axial plastic strain ε axial,pl increases as the crack propagates. -For smoother specimens, the plastic barrier moves inwards as long as the crack propagates, and the axial plastic strain ε axial,pl peak remains constant. The overall plastic strain is distributed over a wider area. -For initial cracks in highly notched specimens, the HELP mechanism and the HEDE mechanism effects may be maximised in fatigue fracture, as both the plastic barrier and a high hydrostatic stress are present.
In order to dig deeper into the HELP and HEDE mechanisms, further studies are necessary. Based on the results of the present paper, environmental fatigue testing should be conducted, with appropriate SEM and transmission electron microscopy in order to recognise HELP and HEDE contributions on the fracture surface, in correlation with appropriate FE modelling that follows the procedure reported in this work. As the plastic front moves inwards for smoother specimens, investigations of fracture surfaces on completely fractured specimens should be correlated by microscopic investigation over not failed specimens with nucleated cracks, with proper sectioning of the sample.
